In this report, we show that apoptosis (or programmed cell death) is induced in different cell lines infected with a coronavirus, the porcine transmissible gastroenteritis virus (TGEV). Kinetic analysis of internucleosomal DNA cleavage by agarose gel electrophoresis and flow cytometry or cytometric monitoring of the mitochondrial transmembrane potential showed that, for ST cells infected with TGEV, the first overt signs of apoptosis appeared from 10 to 12 h postinfection on. They preceded morphological changes characteristic of cells undergoing apoptosis, as observed by light and electron microscopy. The tripeptide pan-ICE (caspase) inhibitor N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone blocked TGEV-induced apoptosis with no effect on virus production. The thiol agent pyrrolidine dithiocarbamate inhibited apoptosis, suggesting that TGEV infection may lead to apoptosis via cellular oxidative stress. The effect of TGEV infection on activation of NF-B, a transcription factor known to be activated by oxidative stress, was examined. NF-B DNA binding was shown to be strongly and quickly induced by TGEV infection. However, transcription factor decoy experiments showed that NF-B activation is not critical for TGEV-induced apoptosis.
The Coronaviridae family is a group of enveloped viruses with a large, positive-stranded RNA genome of about 30 kb which comprises two genera, Coronavirus and Torovirus. This family has been recently grouped in the new order Nidovirales together with the Arteriviridae family (reviewed in reference 7a). Coronaviruses cause a wide spectrum of diseases in humans and animals but primarily infect the respiratory and gastrointestinal mucosa (reviewed in reference 38). These infections are generally acute, and destruction of the lining epithelia is considered to be a central event in their pathogenesis. When propagated in culture, coronaviruses generally induce extensive cell death. However, the nature of the events leading to cell death in coronavirus-infected cells remains largely unknown.
In recent years, a number of viruses have been shown to induce programmed cell death (PCD), an active cellular selfdestruction process that plays an essential role in development and homeostasis but also in cell defense against viral infections (for reviews, see references 35, 37, 43, and 46) . The molecular pathways used by viruses to induce apoptosis are still poorly understood. For influenza virus, it has been proposed that the double-stranded-RNA-activated protein kinase could play a role in the induction of apoptosis (42) . For a dozen viruses, a viral gene product has been identified as an apoptosis-inducing factor (reviewed in reference 43), but for RNA viruses (excluding retroviruses) only open reading frame 5 (p25) of the arterivirus porcine reproductive and respiratory syndrome virus (41) , glycoprotein E rns of pestiviruses (4) , and structural capsid protein VP2 of infectious bursal disease virus (10) were shown to induce apoptosis when expressed alone in a cell culture. On the other hand, as endonucleases are activated during apoptosis, many DNA viruses have evolved genes encoding proteins which suppress or delay apoptosis, thus allowing production of large amounts of progeny virus. For example, the poxvirus crmA gene product (44) and baculovirus p35 (6) prevent induction of apoptosis by inhibition of the cell death central effector machinery, which includes the cysteine proteases (caspases) of the ICE/CED-3 family that are activated during apoptosis (reviewed in reference 29) .
The role of apoptosis in the pathogenesis of coronavirus infections is poorly documented. T-cell-mediated apoptosis in murine hepatitis virus-infected cells has been observed in vivo (21) . T-cell depletion mediated by apoptosis was recently evidenced in feline infectious peritonitis virus-infected, diseased cats and shown to involve noninfected cells (12) . Direct apoptosis in virus-infected cells could not be detected in vitro in either of these studies. We sought to address this issue by using transmissible gastroenteritis virus (TGEV) as a model. TGEV, a porcine coronavirus, replicates in the differentiated enterocytes covering the intestinal villi, inducing a severe atrophy which results in acute diarrhea (33) . TGEV can be propagated ex vivo in a variety of porcine cell lines, including swine testis (ST) cells (27) and various cell lines expressing porcine aminopeptidase N (APN), which acts as a cellular receptor for TGEV (7) . The infected monolayers undergo obvious cytopathic changes characterized by shrinking of the cells, which detach from the plate. In this paper, we demonstrate that TGEV induces PCD ex vivo in different cell lines by morphologic, cytometric, and biochemical means. Apoptosis was found to be blocked by the caspase inhibitor N-benzyloxycarbonylVal-Ala-Asp-fluoromethylketone (Z-VAD.fmk) and inhibited by pyrrolidine dithiocarbamate (PDTC), a thiol reducing agent. The transcription factor NF-B was activated strongly and early in TGEV-infected cells but did not appear to be a major effector of TGEV-induced apoptosis.
MATERIALS AND METHODS
Viruses and antiapoptotic drugs. The American high cell passage Purdue-115 strain of TGEV and French isolate RM4 of porcine respiratory coronavirus (PRCV) were used as virus sources and propagated on ST and swine kidney (strains PDH and RPTG [rein de porc Thiverval-Grignon]) cells as described previously (19) . For TGEV UV inactivation, 25 ml of a virus inoculum was placed into a petri dish (10-cm diameter) on ice and exposed to a 254-nm wavelength lamp (1.368 mW/cm 2 ) for 6 min. The thiol reducing agent PDTC was added to the medium immediately after infection to a final concentration of 100 M. Because PDTC is expected to rapidly lose its activity during incubation (32), the concentration was readjusted every 8 h. For caspase inhibition experiments, the following drugs (from Bachem, Bubendorf, Switzerland) were employed: the interleukin 1␤-converting enzyme inhibitor tetrapeptide acetyl-Tyr-Val-Ala-Aspchloromethylketone (Ac-YVAD-cmk), the apopain inhibitor acetyl-Asp-GluVal-L-aspartic acid aldehyde (Ac-DEVD-CHO), and the ICE-like protease inhibitor tripeptide Z-VAD.fmk. Ac-DEVD-CHO was dissolved in H 2 O; the two other caspase inhibitors were dissolved in dimethyl sulfoxide with a final concentration in cultures of Ͻ0.1% (vol/vol). Two hours before infection, these synthetic modified peptides were added to the medium at a concentration of 100 M and maintained at that concentration after infection. Control cells received 0.1% dimethyl sulfoxide, which had no effect on cell proliferation or viability.
DNA fragmentation assay. Low-molecular-weight DNA was extracted from approximately 10 6 cells as described by Hinshaw et al. (14) , with slight modifications. Briefly, infected or uninfected cells detaching from the plate were centrifuged at 200 ϫ g and pooled with the trypsinized adhering cells for each of the time point tested. Cells were washed in phosphate-buffered saline (PBS), resuspended in 500 l of ice-cold lysis buffer (10 mM Tris [pH 7.5], 10 mM EDTA, 0.2% Triton X-100), and incubated on ice for 30 min. Lysates were centrifuged at 10,000 ϫ g at 4°C for 10 min, and supernatants were extracted once with buffered phenol, once with buffered phenol-chloroform, and once with chloroform-isoamyl alcohol (24:1, vol/vol). DNA was ethanol precipitated with 500 mM NaCl. DNA samples were resuspended in 15 l of sterile water and treated for 15 min at 37°C with RNase A at a final concentration of 0.5 g/l, and half of the sample was run on a 2% agarose gel in 1ϫ Tris-borate-EDTA buffer and stained with ethidium bromide.
Flow cytometry. (i) Cell nucleus DNA content. For each plate, detached cells and trypsinized adherent cells were pooled, centrifuged, fixed in 70% ethanol for 1 h, washed in PBS, incubated for 15 min at 37°C with 100 M RNase A, and stained with propidium iodide as described by Nicoletti et al. (30) .
(ii) ⌬⌿ m . Cells were trypsinized, washed twice in PBS, and incubated with 40 nM 3,3Ј-dihexyloxacarbocyanine iodide [DIOC 6 Fluorescence and electron microscopy. Apoptotic nuclei were visualized by using cells fixed and stained as described above. Observations were performed on a UV light microscope. For electron microscopy, ST cells were pelleted by centrifugation, washed twice with PBS, fixed with 1.25% glutaraldehyde buffered with sodium cacodylate (0.1 M, pH 7.3), and then postfixed in 2% osmium tetroxide. After dehydration, samples were embedded in Epon araldite. Thin (70-nm) sections were stained with lead citrate and uranyl acetate and then examined with a Philips EM12 electron microscope operated at 80 kV.
EMSAs and supershift analysis. For electrophoretic mobility shift assays (EMSAs), ST cells mock infected or infected with TGEV at a multiplicity of infection (MOI) of 5 were lysed in Totex buffer (31) . A 32 P-labeled oligonucleotide (35 fmol) with a B consensus sequence (5Ј-AGTTGAGGGGACTTTCC CAGGC-3Ј) was used as a probe and incubated for 20 min at room temperature with a total extract containing 4 g of protein. Competition was performed by using an excess of unlabeled NF-B or an unrelated SP1 probe (5Ј-ATTCGAT CGGGGCGGGGCGAGC-3Ј). DNA-protein complexes were run on a 4% polyacrylamide gel. Supershifts were performed with antibodies to NF-B subunits p65 (murine) and p50 (human), kindly provided by Alain Israel, Institut Pasteur, Paris, France. The antibody (1 l) was added to the binding mixture 20 min after the radiolabeled NF-B probe. The reaction mixture was incubated for 20 min, and the complexes were resolved as described above.
Transcription factor decoy experiments. Phosphorothioated oligonucleotides were kindly provided by P. Marianneau and P. Després, Institut Pasteur, Paris, France. These modified NF-B oligonucleotides, used as transcription factor decoys (TFDs), contained three copies of the B consensus sequence (26) . TFDs were added to the cell medium to a concentration of 3 M 24 h before infection and maintained at that concentration in the medium until the cells were lysed.
RESULTS

TGEV induces internucleosomal DNA cleavage in different cell lines.
To investigate whether apoptotic cell death was triggered by TGEV, virus-infected cells were first examined for the presence of a DNA ladder. For each cell line, an extensive cytopathic effect (CPE) was observed at around 16 h postinfection (p.i.) when an MOI of 5 was used, i.e., the cells rounded and detached from the plate. Internucleosomal DNA cleavage was analyzed at 18 h p.i. in three porcine cell lines, ST, PDH, and RPTG, and in MDCK-APN, a clone of a canine kidney cell line expressing porcine APN, which is a receptor for TGEV (7) . A DNA ladder was observed for the four cell lines after infection (Fig. 1A) . This was not the case for MDCK cells not expressing porcine APN, which are fully refractory to TGEV infection. Neither a CPE nor DNA ladder formation was observed when a UV-inactivated inoculum was used as a control. PRCV, a respiratory variant of TGEV (reviewed in reference 20), was also capable of inducing DNA fragmentation (Fig. 1B) , with delayed kinetics, consistent with a replication rate slower than that of TGEV.
TGEV induces apoptotic morphological changes in infected cells. TGEV-infected cells were examined by optical microscopy after fixation with ethanol and staining with propidium iodide, a fluorescent DNA intercalator (30) . Most of the infected ST cells showed a marked nuclear diameter reduction and obvious chromatin condensation 18 h after infection (Fig.  2B) . TGEV-infected and mock-infected cells fixed at 12 and 24 h p.i. were used for analysis of ultrastructural alterations. Morphological changes typical of the late stage of apoptosis were only observed with cells fixed at 24 h p.i. At that stage, only nucleolar remnants could be found in the convoluted nuclei, which contained small masses of condensed chromatin (Fig. 2D) . Mitochondria appeared swollen, indicating that they were no longer functional.
Kinetic analysis of TGEV-induced apoptosis. Further experiments were carried out to establish the time course of nuclear DNA degradation relative to that of cell death. As shown in process. When ST cells were tested for the ability to exclude the vital dye trypan blue, the percentages of blue cells were only 6, 25, and 40% Ϯ 5% at 18, 24, and 48 h p.i., respectively. Taken together, these results supported the view that PCD is an important component of TGEV-induced cell death.
Accumulating data indicate a breakdown of mitochondrial function during apoptosis (reviewed in references 34 and 39). Cytofluorometric analysis of ⌬⌿ m was performed for TGEVinfected ST cells with the potential-sensitive dye DIOC 6 (3). As shown in Fig. 4 , a ⌬⌿ m transition, indicating a loss of mitochondrial function, occurred between 10 and 12 h p.i. and progressed until 24 h p.i.
TGEV-induced apoptosis is blocked by the caspase inhibitor Z-VAD.fmk. The central effector machinery of PCD is composed of cytoplasmic proteases called caspases. These are present in an inactive form and are irreversibly activated during the effector phase of apoptosis, leading to ultrastructural alterations, chromatin condensation, and nuclear fragmentation. In humans, 10 caspases have been identified and some of them can be blocked by specific synthetic peptides (reviewed in references 13 and 29). To determine whether TGEV-induced apoptosis involves caspase activation, experiments were performed with the irreversible tetrapeptide ICE (caspase 1) subfamily protease inhibitor Ac-YVAD.cmk, the reversible tetrapeptide apopain (caspase 3) inhibitor Ac-DEVD-CHO, and the irreversible tripeptide pan-ICE inhibitor Z-VAD.fmk (40, 48) . These inhibitors were used at a concentration of 100 M, which has been shown to allow complete protease inhibition in cultured mammalian cells after induction of apoptosis by various molecules (8, 9, 16, 28) . Incubation of cells with Z-VAD. fmk prior to infection with TGEV completely blocked the appearance of apoptotic nuclei and the onset of nuclear DNA fragmentation until at least 48 h p.i. (Fig. 5A) . Importantly, virus production in Z-VAD.fmk-treated cells was similar to that in untreated cells (Fig. 5B) . Apparently, the Z-VAD.fmk treatment had no clear effect on the maintenance of cell membrane integrity, as assessed by trypan blue staining. However, there was a dramatic change in the appearance of infected cells (Fig. 6) . No protection against TGEV-induced apoptosis was observed when Ac-YVAD.cmk or Ac-DEVD-CHO was used, possibly due to a low permeability of the cells to these drugs (data not shown). Similar results have been obtained with leukemic cell death induced by interleukin-3 withdrawal, against which DEVD.fmk and Ac-YVAD.cmk did not protect, in contrast to Z-VAD.fmk (3) .
TGEV-induced apoptosis is inhibited by the thiol agent PDTC. Direct exposure of various cell types to oxidants such as hydrogen peroxide or lipid hydroperoxides can directly induce apoptosis, while in many experimental models, pretreatment of cells with antioxidants has been shown to protect against this form of cell death. For example, the thiol reducing agent PDTC has been shown to prevent alphavirus-induced apoptosis (24) . To investigate whether such agents could prevent apoptosis in TGEV-infected cells, various concentrations of PDTC were added to the medium at the beginning of infection. A nearly complete protective effect of PDTC against TGEV-induced apoptosis at concentrations as low as 50 M was observed at 18 h p.i., as shown by a DNA ladder assay (data not shown). Flow cytometry analysis of DNA degradation showed that TGEV-induced apoptosis was markedly inhibited by PDTC (Fig. 5B) , with no change in cumulative virus production compared to that in untreated cells (Fig. 5B) . PDTC also had a protective effect against the CPE (Fig. 6 ) and cellular membrane damage, with only 15% Ϯ 5% of trypan blue-positive cells at 48 h p.i. These results suggest that an abnormal cellular oxidation event may occur during TGEV infection, which might account for cell injury and PCD induction.
NF-B is activated in TGEV-infected cells. PDTC is a very effective inhibitor of the activation of NF-B (36), a family of dimeric transcription factors (reviewed in reference 2). NF-B activation can induce or inhibit apoptosis, and this probably depends on its subunit composition and cell type and the nature of the apoptotic stimulus. To investigate whether TGEV infection induces NF-B activation, total cell lysates were prepared at various times p.i. and DNA-protein complexes were analyzed by EMSAs. Strong and quick NF-B DNA-binding activity was induced during infection by TGEV, whereas only background activity was detected in noninfected cells (Fig. 7A  and B) . NF-B DNA-binding activity began to increase as early as 3 h p.i. and reached a maximum at 9 h p.i. To identify the NF-B subunits detected by EMSA in infected ST cells, subunit-specific antibodies to human p50 and murine p65 were added during in vitro DNA binding. A strong band corresponding to the complex supershifted was observed with both anti-p50 and anti-p65 antibodies (Fig. 7C) . These results suggest that the activated NF-B complex detected may involve p65 and p50 subunits, even if the presence of other NF-B subunits cannot be excluded.
To determine whether the activation of NF-B could be responsible for the induction of PCD in TGEV-infected ST cells, NF-B decoy experiments were performed with a probe containing human NF-B binding sites. Treatment of cells with TFD completely inhibited the NF-B binding activity induced by TGEV (Fig. 7D) . Fluorocytometry analysis showed that nuclear DNA degradation kinetics were slightly slower in TFD-treated cells than in untreated cells (Fig. 5A) . No effect on cell viability was observed after TFD treatment of uninfected control cells until after 11 h p.i. However, virus production was also slightly retarded (virus titer fourfold lower at 12 h p.i.; Fig. 5B ). From these results, it was concluded that the 
DISCUSSION
This report provides clear evidence that TGEV induces apoptotic cell death, as shown by internucleosomal DNA cleavage, nuclear condensation, and breakdown of ⌬⌿ m in ST cells. Signs of apoptosis were observed in three other TGEV-infected cell lines, including a nonporcine cell line stably expressing porcine APN as a virus receptor. The first signs of apoptosis could be observed at around 12 h p.i., concomitant with the end of the viral cycle (18) . TGEV-induced apoptosis was shown to be caspase dependent, based on the preventive effect of Z-VAD.fmk, an inhibitor of proapoptotic ICE-like proteases (caspases). Inhibition of TGEV-induced apoptosis with Z-VAD.fmk did not enhance or inhibit virus production as measured at 18 h p.i. These observations are consistent with the notion that apoptosis could play a crucial role in the CPE of TGEV. Recently, Sindbis virus (SV)-induced apoptosis was shown to be inhibited by Z-VAD.fmk (28a). Treatment of human immunodeficiency virus-infected T cells by caspase inhibitors has been shown to sustain virus production (5) . It has been suggested that Z-VAD.fmk inhibits apoptosis by blocking a key effector protease upstream of at least four other caspases (25) . It would be interesting to define more precisely the nature of the caspases activated during TGEV-induced apoptosis.
Although the morphological features of apoptosis have been appreciated for several decades, the biochemical pathways responsible for induction of apoptosis are only beginning to be elucidated. In this study, we investigated different biochemical aspects of TGEV-induced apoptosis in an attempt to understand by which pathway cell death is triggered during infection. The production of reactive oxygen species has been proposed to be an important, although facultative, pathway for induction of PCD (17) . Activation of the transcription factor NF-B is necessary for SV-induced apoptosis in rat AT-3 prostate carcinoma cells, and it was proposed that the inhibitory effect of several antioxidants, including PDTC, against SV (AR339)-induced apoptosis in rat AT-3 prostate carcinoma cells was due to their ability to inhibit NF-B activation (24) . This mechanism was also proposed for dengue virus, for which virusinduced apoptosis was blocked by NF-B decoy experiments (26) . Two of our observations suggest that oxidative stress may occur during TGEV infection: (i) the thiol agent PDTC was shown to inhibit the apoptotic process, and (ii) NF-B was activated a few hours after the virus cycle had started. However, this transcription factor did not seem to be necessary for induction of apoptosis, as shown by NF-B decoy experiments. This suggests that for TGEV, pathways activated by oxidative stress, possibly via functional impairment of the endoplasmic reticulum (1, 31), but not involving NF-B activation, may account for virus-induced apoptosis. Recent data suggest that mitochondria are well placed to be sensors of oxidation damage and may play a major role in PCD (reviewed in references 11 and 47). Nuclear apoptosis can be preceded by a precipitous collapse of ⌬⌿ m and loss of selective ion permeability, leading to the formation of mitochondrial permeability transition pores and the release of apoptosisinitiating factors, triggering the latent activity of caspases. Cells with a low ⌬⌿ m rapidly proceed to DNA fragmentation, within 15 min to several hours (17) . Time course analysis of TGEVinfected ST cells showed a breakdown of ⌬⌿ m roughly concomitant with the beginning of internucleosomal DNA cleavage. More precise kinetics, however, would be required to determine whether mitochondrial breakdown precedes the activation of caspases and DNA degradation.
It has been proposed that Bcl-2, a natural antiapoptotic factor present essentially in mitochondrial membranes, neutralizes the damaging effects of oxidants (15) . Bcl-2 is believed to prevent apoptosis by regulating the mitochondrial pore permeability transition and by inhibiting caspases via an intermediate (17a). Overexpression of human Bcl-2 was first shown to block or delay apoptosis induced by infection with SV and influenza viruses (14, 22) . Similar results have been observed with other, but not all, viruses (23, 45) . Preliminary experiments indicated that human Bcl-2 is unable to block or delay apoptosis induced by TGEV infection, suggesting that pathways that cannot be inhibited by Bcl-2 may be activated during TGEV infection.
In conclusion, the present study provided evidence that TGEV can act as a true apoptotic inducer in cultured cells. The available data point to oxidative stress as a possible trigger for TGEV-induced apoptosis. However, owing to the recognized complexity of this biological process, additional investigations are needed to substantiate this view. An important finding is that TGEV-induced cell death could be efficiently prevented by a caspase inhibitor, consistent with the notion that apoptosis potentially represents a major mechanism in the viral CPE. Accordingly, it would be interesting to examine in vivo whether PCD plays a role in the pathogenesis of TGEV infection. Finally, TGEV is, to our knowledge, the first coronavirus reported to trigger direct apoptosis in infected cells. It would be (26) . TFDs were added to the cell medium to a concentration of 3 M 24 h before TGEV infection. At 4 and 9 h p.i., total cell lysates were prepared and subjected to EMSAs as described for panel A. The arrow points to the major NF-B retarded complex induced by TGEV infection. Note that the faster-migrating band indicated by the circle was poorly affected by the TFDs, confirming that it is not specific for the NF-B probe.
VOL. 72, 1998 APOPTOSIS IN TGEV CORONAVIRUS-INFECTED CELLS 4923
on August 28, 2017 by guest http://jvi.asm.org/ worth pursuing investigations to determine whether such a property could be shared by other members of this family.
